The objectives of this paper include identifying important architectural parameters that describe the SiC/SiC five-harness satin weave composite and characterizing the statistical distributions and correlations of those parameters from photomicrographs of various cross sections. In addition, realistic artificial cross sections of a 2D representative volume element (RVE) are generated reflecting the variability found in the photomicrographs and include explicitly modeled voids (something not routinely done for woven CMCs). These models are used to make preliminary observation of the effects of architectural variability on the thermo-mechanical properties (material constants). Lastly, information is obtained on the sensitivity of linear thermo-mechanical properties to architectural variations. Two-dimensional finite element analysis is used in combination with a response surface and it is shown that the present method is effective in determining the effects of architectural variability on thermo-mechanical properties and their variability.
Introduction
Woven ceramic matrix composites (CMCs) are candidate materials for future hypersonic vehicle components such as thermal protection and aero-propulsion systems, as well as hot section turbine engine applications. 1 Evaluations of these materials indicate that there is considerable variability in their mechanical properties (material constants). A major feature contributing to this variability is the randomly distributed and shaped voids, which are caused by randomness in the architecture produced at various stages in manufacturing. [2] [3] [4] [5] Some of the architectural variability contributing to the randomness includes constituent volume fractions, tow size, tow spacing, tow shape, and ply shifting or tow nesting.
Conventional design methodologies compensate for the aforementioned uncertainties by use of a safety factor (estimated based on experience), which may not allow a designer to take full advantage of the composite properties because the details of the microstructure are not rigorously accounted for. More recently, other methods of accounting for the uncertainties have been explored. Some of these methods include a multiscale approach in which relationships are developed that link the lowest level (unidirectional composite) to the mid-level (woven composite), and finally to the highest level (laminated woven composite). 6 While this approach may be effective in determining average mechanical properties, it does not explicitly account for the effects of non-uniform void size, void shape, void location, and other microstructural variations such as tow size which should not be neglected. The importance of accounting for these factors explicitly in woven CMCs has recently been studied in a qualitative sense. 7 However, there is still a need to account for these factors in a quantitative sense and several researchers are currently undertaking this task.
A large part of these efforts includes using microcomputed tomography to understand the varying architecture for use in virtual testing.
In order to decrease the amount of time between the conceptualization of a material and the implementation of the material in a given application, researchers are working toward the concept of virtual testing. Virtual testing involved the use of computational models and experiments to better predict a material's behavior which may be especially useful for complex composites. 11 An important component of virtual testing is to understand which architectural variables need to be modeled, and how to best model them. The data used for this work were obtained by Bonacuse et.al. 12 and 2D models were generated in order to obtain a preliminary understanding of which architectural variables are most important to consider, especially when generating more complicated models. Others have begun to develop 3D models with architectural variability, which will be especially important in understanding the architectural effects on strength. 10, 13, 14 The 3D models include details such as tow position, area, and orientation. In addition, non-physical realizations (such as unrealistic tow overlap) of the material are avoided. Additional analytical approaches accounting for certain details such as waviness or constituent volume fractions have also been developed, but again they do not model porosity explicitly. 15, 16 While these approaches may work very well for some woven composites, it is possible that they do not adequately represent woven composites containing very large non-uniform voids, like those observed in the composite currently being investigated.
Models that include the variability at the constituent level combined with probabilistic techniques can be used to determine the variability in effective mechanical properties. The advantage of probabilistic techniques is that they account for variation in a realistic manner that may lead to a thorough representation of the material variability. Such approaches require complete characterization of uncertainties in the composite. Thus, there is a need to develop efficient methods to propagate the uncertainties from the primitive variables, e.g. fiber and matrix properties and porosity, to the response variables such as the stiffness of the composite material. 17 CMCs have been analyzed in a probabilistic manner in the past. However, the methods typically involved a degradation of matrix properties to account for voids, and variability in the microstructure was estimated, rather than rigorously quantified. 3 This assumption does not account for the size, shape, and the interaction of the voids with one another which can affect the mechanical properties, as was shown by Huang and Talreja for unidirectional fiber reinforced composites. 18 While voids are modeled explicitly for the study presented here, their wide range of variability is not. A detailed study of the effects of variable void size, shape, and distribution in 3D will be studied more completely in future work. In this paper, a methodology is presented for modeling the variability in architectural parameters of a 5HS CVI (five-harness satin weave, chemical vapor infiltrated) SiC/SiC composite, using 2D micrographs of three cross sections to identify the important architectural parameters and their distributions. 12 These are then used to perform Monte Carlo simulations of possible architectural variants. 2D finite element micromechanics simulations combined with the use of a response surface are then utilized to predict the variability in mechanical properties and understand its causes. The uncertainty is parameterized based on measurable variables within the architecture to gain an understanding of the causes of variation in the mechanical properties. The results from this study are used to determine the sensitivity of thermo-mechanical properties to several architectural parameters, as well as the expected distribution in mechanical properties due to these parameters.
Characterization of the composite Geometric parameterization and model assumptions
The sketch in Figure 1 is a 3D representation of the weave for a 5HS unit cell. The composite has continuous Sylramic-iBN fiber tows (20 ends per inch) woven into a five-harness woven fabric preform in a [0 /90 ] pattern. A silicon-doped boron nitride coating is deposited on the surface of the individual filaments in the tows. The fiber preform is then infiltrated with a CVI-SiC matrix which fills the tows and forms a thin matrix coating around the tow. The authors are using a material provided by a manufacturer for a demonstration of the methodology and did not choose the architecture.
The microstructure of the composite has been shown to have significant randomness, resulting in large variability in the mechanical properties. A 2D micrograph of one cross section of the composite obtained by Goldberg et al. is shown in Figure 2 . 7 The black areas in the interior of the cross section represent voids (the black area on the borders of the image are not voids), which vary in location, size, and shape. Other 2D cross sections are not identical to the one shown, but rather exhibit different random distributions of the voids and the microstructural characteristics such as tow size, shape, and spacing. Similar observations were made by Bale et.al. 9 in which two different composites were serially sectioned to obtain statistics on the architectural variability. They found that tow area, tow spacing, tow aspect ratio, and orientation all had significant statistical variation. Therefore, some simplifying assumptions, explained in the following paragraphs, were made to develop an understanding of the composite at a basic level.
For this work, the focus was on modeling a representative volume element (RVE) of the 8 ply 5 HS composite in order to keep the size of the problem tractable while capturing the important statistical characteristics. Due to the large amount of variability, it is difficult to define an RVE in the traditional manner, in which the RVE is a statistically equivalent representation of the larger cross section. Preliminary work by the authors involved the use of only one unit cell (one ply), which consists of a weft tow crossing over four warp tows, as shown in Figure 3 . 19 The weave of one 2D unit cell consists of five elliptical transverse tows, and one longitudinal tow that follow a sinusoidal curve. The configuration of the unit cell is based on tow spacing in the in-plane and transverse directions (s and DY, respectively), transverse tow width (w), transverse tow height (h), longitudinal tow amplitude (A), and longitudinal tow wavelength (l), as labeled in Figure 4 . The in-plane tow spacing, tow width, and tow height are randomly assigned as described later. The longitudinal tow is a sine curved described by the equation
where the longitudinal tow amplitude (A) is 0.07 mm (obtained by estimation from micrographs), and the wave length (l) and position (X) vary and are functions of the randomly prescribed tow width and tow spacing. The spacing in the transverse direction (DY) also varies depending on the position, X, for each tow. For multiple stacked unit cells, an additional variable called the tow offset is introduced. The tow offset can be defined as two unit cells being stacked on top of one another, and then shifted by a given tow length. This tow offset is also referred to as ply shifting. Figure 4 illustrates a tow offset of 2.
After the tows are placed, the matrix is grown uniformly around the tows, until a prescribed matrix volume fraction is reached. This is similar to what occurs during chemical vapor infiltration in which the matrix accumulate on top of the tows (albeit not uniformly). This allows for the voids to be explicitly modeled in locations where the voids are likely to occur. While the non-uniform matrix distribution seen in Figure 2 is not captured precisely, the method approximates the manufacturing process of matrix deposition in that the voids generated are a result of the tow placement. 7 However, the unit cell neglected the presence of any ply shifting/tow nesting (uneven tow alignment as illustrated in Figure 4 ) that is exhibited in the actual composite, resulting in artificial cross sections that did not realistically represent the void geometry. All voids were small and compact, as opposed to a few having a large aspect ratio. The ply shifting is one cause of the voids with large aspect ratios.
In order to capture the ply shifting, a larger RVE was modeled, which is made up of two unit cells with a uniform tow offset or shifting for all RVEs. With more plies, the ply shifting would change within each layer. This variability in shifting and tow nesting is currently being neglected since it cannot be rigorously quantified in the same manner as the other variables being investigated. The 2D representation of a 5HS RVE is shown in Figure 5 . The figure is a result of using two unit cells, with one flipped upside down (as done by the material manufacturer) and shifted by one tow length.
Another assumption was made in regards to modeling the composite in 2D as opposed to 3D. The goal of the work was not to accurately predict thermo-mechanical properties, but rather gain an understanding of which features of the material architecture improve or worsen the thermo-mechanical properties. Relevant preliminary conclusions regarding this matter can be drawn with a 2D analysis. Another important goal was to explicitly represent the voids in finite element analysis based on where they naturally occur due to variation in the weave architecture. In a recent survey of available 3D modeling tools, it was found that there are no tools with a completely generalized capability that would be suitable for the current modeling task of generating a matrix with naturally occurring voids as a result of perturbations in the weave geometry. 20 A 2D plane strain representation of the woven composite is not completely accurate. However, since the purpose of the paper is to gather information on modeling the architectural variation and to determine how the variation affects the thermo-mechanical properties in a general sense, a 2D assumption was deemed appropriate. 7 In addition, the resulting mechanical properties due to 2D analyses discussed in the paper do not deviate significantly from limited experimental results available for a similar composite. 21 
Statistical distributions and correlations
The parameters chosen to be randomly varied were selected based on availability of statistical data, and whether or not there was significant variation in the parameter. Image processing techniques were used to extract information about the tows. 7 The geometric parameters for which statistical data were available were transverse tow width (w), transverse tow height (h), and transverse tow spacing in the longitudinal direction (s), as labeled in Figure 4 . The data used can be found in Table 9, Table 10, and Table 11 in the Appendix. 12 Other architectural parameters, such as tow spacing in the through thickness direction and longitudinal tow amplitude are either dependent on the variables used, or were approximated based on visually fitting the geometry to the cross sections. The variables that do not yet have statistical data (like longitudinal tow amplitude) were held constant.
The random generation of the variables was based on the statistical data in three different cross sections (similar to that shown in Figure 2 ), resulting in approximately 225 data points (each tow provided a data point). 7 While the data from the three cross sections cannot provide accurate statistical distributions, the goal is to explore how the variability should be modeled. For this purpose, the data are sufficient. However, to calculate accurate probabilities, more data would be necessary. It was found that the tow spacing and tow width fit best (according to the lowest standard error in the fit) to a normal distribution. Plots of the empirical cumulative distribution functions (CDF) and the normal cumulative distribution functions are displayed in Figures 6 and 7. The tow height fit best to a Weibull distribution and to the normal distribution as well. In Figure 8 , both a Weibull and Normal CDF are plotted with the empirical CDF. By visual inspection, they both fit closely. The square error, computed by
where n is the number of data points, p data is the cumulative probability at an individual data point, and p CDF is the cumulative probability for a given distribution such as normal or Weibull, was found to be 0.0013 and 0.0027 for the Weibull and normal distributions, respectively. Since the correlation is taken into account (as described further in the text), it is more convenient to use a normal distribution for all variables, and the error introduced by using this distribution is very small. The parameters of the distributions are given in Table 1 .
An issue that further complicates the problem is that the variables not only vary between the cross section, but they have a variation within each cross section as well. If each tow in the cross section is given a unique geometry, it is important to consider correlation (a measure of the strength of the linear relationship between two variables) between the variables in order to avoid producing unrealistic cross sections. Therefore, each transverse tow is assigned an individual, but correlated tow width, tow height, and tow spacing. Since there are five tows in the RVE, this results in a total of 15 variables (five tow widths, five tow heights, and five tow spacings). Using correlated parameters ensured that inherent architecture variation due to the manufacturing process would be accounted for and the generation of unrealistic cross sections would be minimized.
Generation of artificial cross sections
The number of cross sections chosen for the finite element analysis was based on how much data are needed for the potential response surfaces (discussed in a following section). For the finite element analysis, which is used to determine the magnitude of thermo-mechanical property variability, 38 artificial cross sections were generated. The number of cross sections necessary depends on the order of the polynomial response surface and is explained in the Response Surface section of Analysis Methods. In order to determine the statistical distribution of mechanical properties, 1000 artificial cross sections were randomly generated. The number of artificial cross sections is chosen based on the desired accuracy or standard error (approximately 0.3%). The 1000 artificial cross sections were generated to determine the constituent volume fractions for each one. However, the mechanical properties from these cross sections will be determined with a response surface, rather than analyzing each one individually. A typical artificial cross section is shown in Figure 5 .
A summary of the characteristics of the three sample cross sections from which the statistics were obtained is presented in Table 1 . For the individual cross sections, the mean and standard deviation of width, spacing, and height are provided, with standard deviations in parentheses. Tables 2 and 3 are characteristics of the artificial cross sections. The volume fractions and geometric parameters of tow width (w), tow spacing (s), and tow height (h) from the actual composite and artificial cross sections are in good agreement.
The correlation coefficients (based on 24 data points) of the significantly correlated parameters (correlation coefficient is greater than 0.4) are displayed in Table 4 .
The statistical significance is in parentheses (the likelihood that the correlation coefficient arose by chance). For example, spacing between the first and second tow (spacing 1) and spacing between the third and fourth tow (spacing 3) have a correlation coefficient of À0.47. This can be interpreted by saying that when spacing 1 increases, spacing 2 decreases, but not necessarily in a 1:1 ratio. It is likely that the spacing and width have some degree of correlation because when the composites are manufactured they are restricted to a certain width. Therefore, depending on the tow sizes, the spacing has to adjust to accommodate for all of the tows.
Analysis methods

Finite element analysis
The RVEs were generated as red, green, and blue images with a Python code 1 (e.g. Figure 5 ), which were then meshed with open source software, OOF2.
22 OOF2 allows the user to import an image and define the different materials by color selection. It then creates a mesh of a desired size with homogenous elements (each element has only one material associated with it). The mesh was then imported into the commercial software, ABAQUS, for finite element analysis. 23 A combination of linear triangular and quadrilateral plane strain elements was used. The material properties assigned were determined by Goldberg et al. using standard micromechanics formulations for unidirectional composites and are shown in Table 5 . 7 While there may be variation in the thermo-mechanical properties of the tows, it is thought to contribute less to the overall variability than the architecture. Therefore, the thermo-mechanical properties of the tows are held constant. Since the RVE is modeled in 2D, the longitudinal and transverse tows were treated as separate materials. The yarn/matrix interphase is not explicitly modeled in the present study. The tows are modeled as homogenous orthotropic materials, with resultant properties based on the fiber, matrix, voids, and interphase in the tows. The matrix was assumed to be an isotropic material.
A finite element analysis based micromechanics approach was used to determine the effective elastic moduli, Poisson's ratios, and coefficients of thermal expansion (CTEs) of the RVE. The constitutive equations of the composite can be written as f g
where the stresses and strains are macroscopic or volume averaged quantities, C is the stiffness matrix, is the matrix of CTEs, and DT is the temperature difference measured from the reference temperature. A summary of micromechanical analysis procedures is given below. Periodic boundary conditions are applied such that one of the macro strains is non-zero and all other strains and ÁT are zero. The macro-stresses are calculated by averaging the micro-stresses in the RVE. Using the six macro-stresses, one can determine the first column of C. The procedure is repeated for the other five macro strains (engineering strains) to calculate the entire C matrix. From C, one can calculate the elastic constants using the relations of the type 
In order to determine the CTEs, the periodic boundary conditions are applied such that all macro-strains are suppressed and a known ÁT is applied to the RVE. Additional inputs to the finite element analysis are the CTEs of the tow and matrix phases. By substituting the macro-stresses in (1), one can solve for the CTEs as
Since plane elements in the 1-3 planes were used for the FE analysis, slight modification of the procedures was required. Using plane strain elements, the boundary conditions corresponding to macro-strains " 1 , " 3 , 24 Since ABAQUS does not provide the transverse shear stress for plate elements, the displacement at each node combined with shape functions was used to extract the stress in each element manually.
Response surface
In order to quantify the statistical distribution of thermo-mechanical properties to specific variability in the architecture, many analyses are often necessary (depending on desired accuracy). While the computational time of the individual analyses mentioned previously is not unmanageable, the mesh generation is very time consuming ($40 min per model). One thousand models were necessary for the work in this paper, necessitating a method in which many analyses could be performed in a short period of time.
When it is desired to determine the response at a large number of data points, it is typical to perform analyses at a small set of data points, which are then fit with a polynomial response surface. For this work, a linear polynomial response surface was used, necessitating 2(n þ 1) analyses where n is the number of variables, and twice the minimum amount of variables (n þ 1) was used to improve the accuracy of the response surface. The relationship between the variables and the thermomechanical properties is given by
where c n is the coefficient and x n is the variable. The coefficients indicate the sensitivity of the response to a given variable.
In the current work, 15 random variables were chosen, as explained in a previous section, in addition to constituent volume fractions for a total of 18 variables. Previous work by the authors demonstrated the importance of including the volume fractions. 19 As shown later in this paper, volume fractions carry a heavier weight than the architectural variations in the influence of certain mechanical properties, which is important since volume fractions are typically easier to work with. For a linear response surface in 18 variables, 38 high fidelity models are necessary. For the selection of the variable values of the 38 FEA models, Latin Hypercube Sampling was used. This technique ensures representation of a realistic variability by generating non-repetitive samples that are evenly distributed in the design space.
Results and discussion
Finite element analysis
The goal was to model the variability in the thermomechanical properties of the real cross sections by varying the architectural properties in an RVE. The tensile moduli of the full cross sections are provided in Table 6 for comparison to the RVE analysis. The three full cross sections analyzed are based on actual cross sectional images of a 5HS SiC/SiC composite. The thermo-mechanical properties of 38 artificial cross sections were determined with finite element analysis as described in the previous section. The mean and standard deviation of the thermo-mechanical properties are shown in Table 7 . It is important to note that values in the two directions, such as E 2 , may be lacking in accuracy due to the 2-D assumption. In reality, the behavior of E 2 would be similar to that of E 1 due to the balanced weave of the actual composite . The in-plane stiffness E 1 and shear stiffness G 12 compare well (less than 10% error) with the experimental results found in the literature on a similar material, melt infiltrated CVI 5HS SiC/SiC composite. 21 The CVI SiC/SiC composite was provided as an example of a material in which statistical data about the architecture were given. There were no measured material properties provided on the particular material used, but due to the difference in porosity between the MI and CVI matrix, it is possible that the 10% difference is not caused solely by computational errors. The transverse stiffness E 2 is over-predicted by approximately 33% compared to approximate experimental results, which is likely related to the use of constant ply shifting, as explained later. The response surface results presented in Table 7 are explained in the following section. Note that the variability in RVE properties is smaller than that exhibited by the full cross sections. An explanation for the discrepancy is given in the section entitled ''Comparisons of RVE to full cross sections''.
While the full extent of the variability of the full cross sections is not captured, some initial observations can be made from the RVE results. It is known that voids have a significantly more detrimental effect on the out of plane moduli than the in-plane moduli for varying void content as well as for flat shapes. 18 Therefore, it is not surprising that with varying geometry, which inherently alters the void volume fraction, the coefficient of variation in the through thickness modulus is almost three times that of the coefficient of variation of the in-plane modulus. Huang and Talreja 18 also observed that the voids would have the most significant impact in the outof-plane shear modulus (G 13 ), which is also observed here. How much G 13 is affected by the voids, as well as obtaining a physical understanding of why the voids affect G 13 , is a topic of the current study. While the out-of-plane CTE is smaller than that of the in-plane CTE, the coefficients of thermal expansion were shown to be insensitive to the variations in architectural parameters. This is due to the fact that the coefficients of thermal expansion of the constituents are approximately the same. If the coefficients of thermal expansion were drastically different between the constituents, there would be more variability due to architectural variation and voids.
Response surface
After completing the finite element analysis, the mean values and the approximate variability associated with them is determined. Fitting a response surface to the data provides two additional pieces of information. First, the response surface indicates the magnitude of the effect each variation has on the property being examined (based on the magnitude of the coefficients). Secondly, the response surface allows the statistical distribution of the properties to be estimated (for example, Normal or Weibull distributions).
Several options were explored regarding which variables should be used in the response surface. Initial work by the authors involved fitting the response surface to every architectural variation required for the formation of the RVE (five tow widths, five tow heights, and five tow spacings), as well as the volume fractions. 19 However, this does not provide useful information since each individual tow parameter cannot be controlled by a manufacturer. Instead, the individual variations in tow parameters will provide information about the amount of variability, but it is more practical to discuss the architectural variations in an average sense. Therefore, the response surface variables selected were: (1) average tow width, (2) average tow spacing, (3) average tow height, (4) tow volume fraction, (5) void volume fraction, (6) standard deviation in the width, (7) standard deviation in the spacing, and (8) standard deviation in the height. The matrix volume fraction was not used since it is directly dependent on the tow and void volume fractions. Therefore, the number of variables for the response surface was reduced from 18 to 8 in order to gain a better understanding of the impact of the architectural variations. The use of the average tow properties in the fit provides general information about how much tow properties affect the mechanical properties on average. Using the standard deviation of the tow properties in each RVE gives additional information on how much the variation in tow properties within each RVE affects the mechanical properties.
After selecting the pertinent variables, a linear polynomial response surface was fit to the finite element results. One response surface was created for each mechanical property. A response surface was not generated for the CTE since the variability was insignificant. The sensitivity of each modulus to certain variables (labeled as ''coefficient'') is displayed in Figure 9 . The numbers are the coefficients for each response surface. Only coefficients with a test-statistic greater than 2 were used. Also, note that since some parameters are correlated, one coefficient may be dependent on another. For example, the average tow width is related to the tow volume fraction. The response surface, however, does not directly account for the dependencies which should be considered upon interpreting the results. The moduli were most sensitive to the average tow width, average tow spacing, tow volume fraction, and void volume fraction. There was minor sensitivity to the amount of variability in tow spacing due to the effect that it has on the void shape and size. The tow width, tow spacing, and variation in the spacing was most important in determining the in-plane modulus (E 1 ). The modulus E 2 , which theoretically should be equivalent to E 1 , was primarily dependent on the volume fractions (specifically, the void volume fraction). The discrepancy is due to the fact that in a generalized plane strain model, equivalent materials also have equivalent stresses. Therefore, the modulus is related to the quantity of each material. The out-ofplane modulus (E 3 ) is most strongly dependent on tow volume fraction. This is not to say that it is the only important factor, but rather with the current modeling methodology it is shown to be the most impactful. As discussed later in the paper, it is hypothesized that the void size, shape, and alignment play an even larger role than solely the volume fraction. Note that either tow volume fraction or void volume fraction can be used to determine the modulus, but not both, because they are dependent on one another. The shear moduli (G 12 , G 13 , and G 23 ) are dependent on the tow width, tow spacing, and tow volume fraction. This is likely due to the effects spacing and tow width have on the voids.
The response surfaces were then used to calculate the mechanical properties of 1000 artificial cross sections. The results from the response surfaces are presented in Table 7 . The mean values agree well with the finite element results and the standard deviations are slightly smaller. The difference in standard deviations is due to the fact that when fitting a polynomial response surface, noise is filtered, thereby decreasing the variability. It was found that the mechanical properties were normally distributed.
Comparisons of RVE to full cross sections
The results from the RVEs were compared to finite element results of the three real cross sections presented in Table 6 from which the data were taken. 7 It is clear from Table 6 that there is significant variability in the out-of-plane modulus E 3 , and it is not directly correlated to volume fractions. The comparison of the three full cross sections in Table 6 to the current RVE analysis summarized in Table 7 reveals that the variability in the RVE models is not capturing the variability exhibited in the full cross sections.
One variable that the present RVE analysis neglected was variation in ply shifting. A shifting of one tow offset was applied for each RVE, rather than allowing it to be variable. Previous work by Woo and Whitcomb 25 and Woo, Suh, and Whitcomb 26 showed that tow offset (a bi-product of ply shifting) has a significant effect on some mechanical properties. In order to determine if neglecting ply shifting was a cause of the smaller variability in the RVEs as compared to the full cross sections, one RVE was used and assigned four different tow offsets. The magnitude of the tow offset is defined by assuming initial perfectly aligned tows or Note: The variability in E 3 is significantly larger than when the ply shifting is held constant (results in Table 7) .
unit cells, then prescribing one unit cell to be offset by a certain fraction of a tow width. The results are summarized in Table 8 . Note that there are small changes in volume fraction due to a small allowance of tow overlap in order to maintain a constant ply thickness. The allowance in tow overlap was not rigorously quantified, but care was taken to minimize the amount of tow overlap relative to the size of the tows. If more in depth analysis were pursued, especially when analyzing the strength, it would be important to adjust the tows such that they do not overlap. The variation in the shifting affects the out-of-plane modulus drastically. The standard deviation in the out-of-plane modulus for one cross section with ply shifting variation is 15% of the mean, as opposed to a standard deviation of approximately 5% of the mean (as shown by the FEA results of 38 artificial cross sections in Table 7) for all architectural variability. The variability in ply shifting also decreases the average computed value of the modulus. A visual assessment of the voids in Figures 10-12 provides insight into the increased variability in the moduli due to shifting. The RVE with the tow offset of one tow has one void with a large aspect ratio, and several that are square in shape. The RVE in Figure 11 with a tow offset of 4.5 has three voids with an aspect ratio of the same order as the RVE in Figure 10 . The cross section in Figure 12 has several voids with large aspect ratios distributed throughout the composite. This phenomenon is represented in the RVE in Figure 11 .
It can be concluded that accounting for variability in ply shifting will likely capture the variability exhibited by the full cross sections in a more accurate manner than varying the tow width, tow spacing, and tow height alone. However, since the void volume fraction is also varying in the shifted cross sections examined, it cannot be said that the shifting alone is the cause of the variability. Future work will investigate the effects of ply shifting and attempt to precisely quantify the effect of void distribution and architecture on the mechanical properties.
Conclusions
The goal of this work was to select an RVE with architectural parameters that could be varied to effectively represent the variation in the thermo-mechanical properties of SiC/SiC composite, while also gaining an understanding of which architectural parameters were influential in determining the variability in mechanical properties. The method of artificially generating cross sections in 2D by using statistical information from the micrographs of actual composite cross sections works well. The statistics of the architectural parameters of the real and artificially generated cross sections are in agreement.
The RVE was characterized by varying tow widths, heights, and spacing, resulting in variability of 2-6% of the mean for normal moduli and 4-17% of the mean for shear moduli as shown by the finite element analysis of 38 artificial cross sections. A negligible amount of variability was found for the CTE, due to a lack of CTE mismatch in the constituents. The variability was highest for the out-of-plane tensile modulus (E 3 ), out-ofplane shear modulus (G 13 ), and in-plane shear modulus (G 12 ). The variability in mechanical properties was predominantly due to tow width, tow spacing, and volume fractions. This type of information may be useful if it is desired to model the thermo-mechanical property variability in homogenized models at larger scales. If it is known that certain architectural features exist in part of a component, mechanical properties can be altered in that region to reflect the effects of those features.
FEA analysis of real composite cross sections revealed that there is more variability present than the variability predicted by the RVE with uniform ply shifting chosen. It is hypothesized that the variability in ply shifting and voids should not be neglected since it may contribute to a significant portion of the variability. Future work will include a study of the effects of voids' shape and size in 3D, with an attempt to predict the moduli based on the voids' characteristics. 
